Magnetic nanoparticles of spinel nanocrystalline cobalt ferrite were synthesized via the solgel method and subsequent annealing. The influence of the annealing temperature on the structure, magnetic properties, and magnetorheological effect was investigated. The finite crystallite size of particles determined by X-ray diffraction as well as particle size observed via transmission electron microscopy increased with annealing temperature. The magnetic properties observed via vibrating sample magnetometer showed that an increase in the annealing temperature leads to the increase in the magnetization saturation and, in contrast, a decrease in coercivity. The effect of annealing on magnetic properties of ferrite particles has been explained by the recrystallization process at high temperature resulting in grain size growth and decrease in an imposed stress relating to defects of crystal lattice structure of nanoparticles. The magnetorheological characteristics of suspensions of ferrite particles in silicone oil were measured using a rotational rheometer equipped with a magnetic field generator in both steady shear and small-strain oscillatory regime. The magnetorheological performance expressed as a relative increase in magnetoviscosity appeared to be significantly higher for suspensions of particles annealed at 1000 C.
Introduction
Magnetorheological (MR) suspensions belong to a class of smart materials which typically consist of magnetizable micron-sized particles dispersed in non-magnetic liquids 3 which in the presence of a magnetic field evince rapid change in their rheological properties [1] . When an external magnetic field is applied to such systems with randomly distributed particles, the magnetic dipoles of particles align parallel to the external field, resulting in a particle chain-like structure. In the flow field, the shear stress increases and even a yield stress may appear. When the magnetic field is switched off, the particle chains are destroyed due to shear forces and the shear stress rapidly decreases. A fast change in the rheological properties of MR suspensions in response to a magnetic field offers the possibility to use this phenomenon in technical applications such as clutches, control valves, shock absorbers, torque transducers, dampers, polishing fluids or various medical applications [2] [3] [4] [5] [6] .
Spinel cobalt ferrite (CoFe 2 O 4 ) ranks among promising materials as a dispersed phase for magneto-sensitive systems. It exhibits moderate saturation magnetization as well as excellent chemical stability. Several methods have been proposed for the preparation of this material with various magnetic properties, such as co-precipitation [7] , oxidation [7] , hydrothermal [8] or sol-gel synthesis [9] [10] .
The sol-gel technique proved to be an attractive method due to its homogeneous reactant distribution resulting in both a uniform particle shape and a highly crystalline quality of the product [11] . The nanoparticles of the CoFe 2 O 4 prepared via this method have been used to demonstrate the effect of annealing temperature on the magnetorheological efficiency of their silicone oil suspensions in the present study. were then sieved to obtain particle sizes lower than 45 m.
Experimental Section

Materials
Particle Structure Characterization
The X-ray diffraction (XRD) patterns of the CoFe 2 O 4 particles were analyzed with an X'Pert PRO X-ray diffractometer (Philips, the Netherlands) with CuKα radiation (λ = 0.154 nm) in reflection mode and 2 ranging from 25° to 70°. No. 01-1121. In the XRD patterns no impurity peaks were detected. The most intensive peak (311) confirms the formation of a cubic spinel structure of the prepared material. In addition,
an increase in intensity of the major peaks implies that the crystallites formed have higher quality resulting subsequently in their increased size along with increasing annealing temperature. Based on the Scherrer formula,
where D is the finite crystallite size,  is the wavelength of anode CuKα,  is the full width at half maxima (FWHM) of the diffraction peak, and  is the Bragg's angle. Thereafter, the crystallite sizes of CoFe 2 O 4 powders were estimated to be 30 nm, 65 nm, and 82 nm for particles annealed at 400 °C, 850 °C and 1000 °C, respectively. (d cr > 100 nm [13] ) as a result of the recrystallization process when the grain growth is accomplished by the replacement of original deformed crystallites by un-deformed one.. However, recrystallization leads to a polycrystalline behavior of particles and a wide distribution of particle sizes as it is confirmed by TEM results (Fig. 2c ). 
The Magnetic Properties
The magnetic properties of the samples were measured at room temperature using a vibrating sample magnetometer (VSM, Lakeshore, USA) at the magnetic field of 12 kOe. Magnetic hysteresis loops of annealed CoFe 2 O 4 are shown in Fig. 3 . Changes in the magnetic properties of particles are caused by a different micromagnetic structure of nanoparticles which is indirectly associated with the crystallite size depending on the annealing temperature. The higher the annealing temperature, the higher is magnetization saturation: 36, 63, and 78 emu g -1 for 400 °C, 850 °C and 1000 °C annealing temperature, respectively. Furthermore, the remanence to magnetization saturation ratio is 0.6 for particles annealed at 850 °C, indicating randomly oriented equiaxial crystallites with cubic magnetocrystalline anisotropy in the system [14] . On the other hand, the lower the annealing temperature used, the higher the coercivity, i.e. the coercivity of annealed particles 1725, 728, and 298 Oe decreases along with the annealing temperature. The decrease of the coercivity with increase of annealing temperature is also determined by micromagnetic structure and particle size, more precisely 7 with the magnetic state of the particle, namely superparamagnetic or ferromagnetic. It is known, that with decrease of particle size the coercivity increases to it maximum which corresponds to the transition between multi-domain to single-domain state [15] . It is explained by the increased value of effective magnetic anisotropy in single-domain particles due to the contribution of shape and surface anisotropy, as well as anisotropy of imposed stress relating to defects of crystal lattice structure of nanoparticles. Thus, the increased coercivity in the samples can be attributed to the large residual strains and possible defects in the spinel nanocrystalline CoFe 2 O 4 powders caused by grinding during their preparation. Therefore, the high magnetization saturation and low coercivity of sample annealed at 1000 C temperature made it suitable for practical application in MR, since minimal or no coercivity of dispersed magnetic particles does not lead to the undesirable heating of the MR system under periodic cycling. were prepared. 0.5 wt.% of nano-silica (average particles size ~ 10 nm, Aerosil A 200, Degusa, Germany) was added to suspensions in order to enhance the sedimentation stability [16] . All prepared suspensions formed well-dispersed systems for the period of the experiment.
Suspension Preparation
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Magnetorheological Measurement
The MR properties of suspensions under investigation were measured using a rotational rheometer Physica MCR501 (Anton Paar GmbH, Austria) with a Physica MRD 180/1T
magneto-cell at 25 °C. True magnetic flux density (0 -300 mT) was measured using a Hall probe, and temperature was checked with the help of an inserted thermocouple. Both the Hall probe and the thermocouple were housed in the bottom plate; for details see [17] . A parallelplate measuring system with a diameter of 20 mm and gap of 1 mm was used. All steady shear flow measurements were performed under controlled shear rate mode in the shear rate range 0.1 -300 s -1 in a log scale with 6 pts/decade. The small-strain oscillatory tests were carried out through dynamic strain sweeps and frequency sweeps. The strain sweeps were performed in the applied strain range of 10 -5 to 0.1 at a fixed angular frequency of 62.8 rad s Afterwards, the viscoelastic moduli were obtained from frequency sweep tests (0.628 to 62.8 rad s -1 ) at a fixed strain amplitude in the LVR (γ = 2 × 10 -5 in our experiments). In both modes before each measurement at a new magnetic field, the residual internal structures were destroyed by continuous shearing (  = 100 s -1 ) for 1 min. Each measurement under given conditions was performed three times and the average value was used for further evaluation.
The temperature was maintained at 25 °C. Prior to the measurement every suspension was mechanically stirred. temperatures results in a higher value of magnetization (Fig. 3) , which in turn results in a stiffer particle chain-like structure in a magnetic field. Similarly to electrorheological fluids [18] , the performance of MR suspension may be significantly affected by field-off behavior. Thus, a relative increase in magnetoviscosity,
Results and Discussion
Flow Behavior at Steady Shear
where  M is the viscosity of a formed MR structure and  0 is the field-off, characterizes a real effectiveness of the system. Figure 5 shows that the most efficient system is based on particles annealed at 1000 °C and at lower annealing temperatures the MR performance of suspensions decreased. To observe the increase in rigidity of formed internal structures with particle concentration, the shear stress at low shear rate is plotted as a function of the magnetic flux density (Fig. 6 ).
It is evident that a steep increase in the shear stress with the particle concentration under various magnetic flux densities demonstrates a stiffer chain-like structure formation. The stress in all cases firstly increase with the external magnetic field following the square dependence of the magnetic flux density, i.e. , which correlates very well with numerical and analytical models at low magnetic field [18] . Then, the slope of the dependence decreases as the local saturation of magnetic particles occurs with increasing magnetic field.
This phenomenon is less pronounced at higher particle concentration since the magnetization is distributed among more particles. 
Viscoelastic Properties
The formation of particle chain-like structures in MR suspensions under an external magnetic field also considerably influences the elasticity of the system. Figure 7 illustrates storage, G', and loss, G'', moduli as a function of angular frequency, , for 60 wt.% suspension of ferrite particles annealed at 1000 °C. In the absence of a magnetic field, G' predominates over G'' only slightly in the whole angular frequency range probably due to the high interaction of hydrophilic particles non-compatible with the hydrophobic oil matrix.
However, when the magnetic field was applied, as a result of the high elasticity of the particle chain-like structure, G' dramatically increased and prevailed over G'' throughout the entire frequency range. Elasticity increases with increasing magnetic flux density which can be explained by the formation of more robust chains [19] . Similarly to the steady shear flow experiments, stronger chain structuralization within the system, and thus higher elastic properties, are observed in suspension of ferrite particles annealed at 1000 °C. The stiffness of the internal structure decreases with decreasing annealing temperature due to the lower magnetization saturation of the particles. 
Conclusions
Annealing temperature at about 8501000C proved to be a responsive tool for controlling the magnetic properties of CoFe 2 O 4 nanoparticles prepared via the sol-gel method. An X-ray diffraction analysis revealed the formation of a spinel phase and an increase in finite crystallite size with increasing annealing temperature. The saturation magnetization and coercivity are proportional to the grain size and, consequently, to the particles size. These properties enabled an adjustment to the optimal magnetorheological behavior of the oil suspension of this material by annealing the particles at a suitable temperature. Thus, a higher magnetoviscoelasticity has been reached for particles annealed at a higher temperature (1000C) when particles with multi-domain structure are formed.
